The complex developmental pattern of the mammalian cerebral cortex results from the exquisite control of several aspects of corticogenesis, including neurogenesis, neuronal migration, differentiation, branching, and synaptogenesis (reviewed in Ayala et al., 2007) . The regulation of cytoskeletal components such as microtubules (dynamic polymers of α-/β-tubulin dimers) is critical to the changes in neuronal cell shape that are necessary in many aspects of cortical development. Indeed, mutations in α-tubulin or in the microtubule regulating proteins LISSENCEPHALY-1 (LIS1) and DOUBLECORTIN (DCX) result in neuronal migration defects in humans, thus pointing to a central role for microtubule regulation in neuronal migration (reviewed in Pramparo and WynshawBoris, 2009) . A number of posttranslational modifications such as acetylation on microtubules and tubulin molecules influence their stability and interactions with other proteins (Hammond et al., 2008) . In this issue of Cell, Creppe et al. (2009) provide surprising evidence suggesting that the acetylation of α-tubulin by the histone acetyltransferase Elongator controls the migration and differentiation of cortical neurons.
First identified as a component of the RNA polymerase II holoenzyme in yeast, the Elongator complex consists of six subunits (Elp1-6) and can acetylate histone H3 in vitro (reviewed in Svejstrup, 2007) . As its name implies, Elongator appears to aid in transcription elongation by acetylating nucleosomes and "opening" chromatin structure in the path of RNA polymerase. However, most of the Elongator complexes in the cell are located in the cytoplasm, where they have been proposed to regulate IκB kinase function, exocytosis, and tRNA modification. Creppe et al. now demonstrate that another cytoplasmic function of Elongator is to promote neuronal migration and differentiation of projection neurons (Figure 1 ).
All six of the Elongator subunits are expressed in the cytoplasm of cells in the developing mouse cortex. Creppe and colleagues find that depletion of either the Elongator scaffold subunit ELP1 or the catalytic subunit ELP3 by short hairpin RNAs (shRNAs) reduces the migration speed of bipolar and multipolar cortical neurons in the mouse brain. This results in a delay in the positioning of migrating neurons in the cortical plate during development, though neurogenesis, apoptosis of neuronal progenitor cells, and radial glial projections appear to be unaffected. The depletion of ELP1 or ELP3 also results in strong defects in the branching of differentiated projection neurons
Elongator Bridges Tubulin Acetylation and Neuronal Migration
Neuronal cell migration and maturation are crucial for the development of the mammalian cerebral cortex. In this issue, Creppe et al. (2009) now show that the multisubunit histone acetyltransferase Elongator may regulate migration and branch formation of cortical neurons in the developing mouse brain by acetylating α-tubulin.
Figure 1. Elongator Controls Cortical Neuron Migration and Differentiation
The six-subunit Elongator complex is a histone acetyltransferase (HAT) that contains the scaffold subunit ELP1 and the catalytic subunit ELP3. (Left) Elongator may function in the cytoplasm of mouse neuronal cells to acetylate α-tubulin after microtubule polymerization, a modification that is associated with stable microtubules and is necessary for neuronal migration and differentiation. (Right) The depletion of ELP1 results in destabilization of ELP3, decreased tubulin acetylation in cultured cells, and defects in neuronal migration and branch formation in the developing mouse brain.
( Figure 1 ). ELP1 depletion has previously been shown to result in the destabilization of ELP3 (reviewed in Svejstrup, 2007) . Notably, the authors observe that the expression of a truncated version of ELP1 unable to bind ELP3 cannot rescue the ELP1 knockdown phenotype, suggesting that ELP3, the catalytic subunit of Elongator, plays a key role in neuronal migration and branching regulation.
Creppe et al. then demonstrate that cytoplasmic ELP1 and ELP3 colocalize and copurify with microtubules and histone deacetylase 6 (HDAC6) in cultured human cells. ELP1 and ELP3 also partially colocalize with acetylated α-tubulin in these cells, suggesting that Elongator may influence the acetylation of microtubules. An important modification that is associated with stable microtubules is the acetylation of α-tubulin at lysine 40 after microtubule polymerization. The mechanism of tubulin acetylation and its biological consequences are not well understood. Although two microtubule deacetylases, HDAC6 and sirtuin 2 (SIRT2), have been identified (Hammond et al., 2008) , the enzymes that add acetyl groups to microtubules had not been found. Depletion of ELP1 or ELP3 proteins from cultured cells results in decreased levels of acetylated α-tubulin. Importantly, the authors find that incubation of α-tubulin with a protein fraction purified from ELP3-overexpressing insect cells results in an increase in α-tubulin acetylation that is dependent on the amount of ELP3-enriched protein fraction added to the reaction. This suggests that ELP3 is capable of acetylating α-tubulin (Figure 1) . Consistent with this, ELP3 catalytic activity counters the decrease in acetylated tubulin that is observed in cultured cells overexpressing HDAC6. The authors also provide further evidence linking the requirement of ELP3 in neuronal migration to α-tubulin acetylation. They show that expression in the mouse brain of a form of α-tubulin that cannot be acetylated (lysine 40 mutated to alanine) causes similar defects in neuronal migration and branching as the depletion of ELP1 and ELP3.
Although it is attractive to consider a tubulin acetyltransferase activity for Elongator in addition to its role in histone H3 acetylation, further direct biochemical evidence is required to prove that Elongator is indeed a bona fide tubulin acetyltransferase. The ELP3-enriched protein fraction from insect cells overexpressing ELP3 is much less efficient at tubulin acetylation than histone H3 acetylation. It is possible that this low efficiency is due to the presence of inhibitors, the lack of required cofactors, or the high level of acetylated tubulin in the microtubule fraction used to conduct the assays. Improved purification of ELP3 and its associated subunits, as well as reduction of preexisting acetylated tubulin in the experimental conditions, may improve the efficiency of the assay and provide more direct support for Elongator as a tubulin acetyltransferase.
The study by Creppe et al. illuminates the importance of Elongator and tubulin acetylation in neuronal migration and development, providing further evidence for the crucial role played by the microtubule cytoskeleton in the formation of the brain. In addition, these findings may provide insight into two human genetic diseases: familial dysautonomia and BardetBiedl syndrome. Mutations in the human IKAP gene, which encodes ELP1, have been found in individuals with the autosomal recessive familial dysautonomia, a degenerative disorder that primarily affects the neurons of the autonomic and sensory system (Axelrod, 2004) . It is not yet clear how the findings in this paper on cortical projection neurons may relate to this disorder of the peripheral nervous system. Bardet-Biedl syndrome is a genetically heterogeneous disorder associated with more than 12 identified genes and loci. Patients of the disorder display extensive pathologies resulting from ciliary dysfunction (reviewed in . Seven of the proteins encoded by Bardet-Biedl syndrome genes interact in a complex called the BBSome and are important for directing ciliary biogenesis and vesicle transport (Nachury et al., 2007) . Recently, the BBSome subunit BBIP10 was found to influence microtubule stability and acetylation, possibly through the binding and inhibition of HDAC6 (Loktev et al., 2008) . In that study, BBIP10 depletion resulted in reduced acetylation of microtubules, a phenotype strikingly similar to that observed by Creppe et al. when ELP1 or ELP3 was depleted. It will be of interest to determine whether there is any interaction between Elongator and BBIP10 or the BBSome in the regulation of microtubule acetylation.
Creppe et al.'s work points to a number of important questions that need further study. The effects of differential acetylation on microtubule functions and interactions with microtubule associated proteins need to be investigated. For example, it appears that acetylation of microtubules leads to stabilization and recruitment of motor proteins that enable transport of proteins and other cellular components (reviewed in Hammond et al., 2008) . The findings of Creppe et al. not only suggest that microtubule acetylation may be actively and exquisitely regulated like chromatin compaction is by histone acetyltransferases and deacetylases, but also that the same enzymes (Elongator, HDAC6) may direct both processes. Acetylation and other posttranslational modifications may influence microtubule properties and functions analogous to the way that histone modifications modulate chromatin functions. Deciphering this "tubulin code" (Hammond et al., 2008) will help us to understand how these modifications direct microtubule regulation.
